Objective: Current antiepileptic drugs (AEDs) have several shortcomings. For example, they fail to control seizures in 30% of patients. Hence, there is a need to identify new AEDs. Drug repurposing is the discovery of new indications for approved drugs. This drug "recycling" offers the potential of significant savings in the time and cost of drug development. Many drugs licensed for other indications exhibit antiepileptic efficacy in animal models. Our aim was to create a database of "prescribable" drugs, approved for other conditions, with published evidence of efficacy in animal models of epilepsy, and to collate data that would assist in choosing the most promising candidates for drug repurposing. Methods: The database was created by the following: (1) computational literaturemining using novel software that identifies Medline abstracts containing the name of a prescribable drug, a rodent model of epilepsy, and a phrase indicating seizure reduction; then (2) crowdsourced manual curation of the identified abstracts. Results: The final database includes 173 drugs and 500 abstracts. It is made freely available at www.liverpool.ac.uk/D3RE/PDE3. The database is reliable: 94% of the included drugs have corroborative evidence of efficacy in animal models (for example, evidence from multiple independent studies). The database includes many drugs that are appealing candidates for repurposing, as they are widely accepted by prescribers and patients-the database includes half of the 20 most commonly prescribed drugs in England-and they target many proteins involved in epilepsy but not targeted by current AEDs. It is important to note that the drugs are of potential relevance to human epilepsy-the database is highly enriched with drugs that target proteins of known causal human epilepsy genes (Fisher's exact test P-value < 3 9 10 À5 ). We present data to help prioritize the most promising candidates for repurposing from the database. Significance: The PDE3 database is an important new resource for drug repurposing research in epilepsy.
| INTRODUCTION
Currently available antiepileptic drugs (AEDs) have significant shortcomings: they fail to control seizures in 30% of patients 1 ; and they cause adverse effects in~88% of patients. 2, 3 There is an unmet clinical need for new AEDs with better efficacy and tolerability. For every 5000 to 10 000 prospective drugs that enter research and development, only 1 is approved for human use. 4, 5 Developing 1 drug and acquiring marketing approval for it takes 10-15 years and $2.6 billion. 6 However, it is estimated that approximately 90% of approved drugs possess secondary indications and can be used for other purposes. 7 Drug repurposing is the discovery of new indications for approved drugs. This drug "recycling" offers the potential for significant savings in the time and cost of identifying new therapies.
There is increasing interest in finding new treatments for epilepsy through drug repurposing. 8, 9 It has been recognized that a number of commonly used well-tolerated drugs licensed for other conditions have the potential for antiepileptic efficacy. 8, 10 In other disease areas, databases of potentially repurposable drugs have been created to facilitate selection of the best candidates for further development. 11, 12 We are not aware of any existing initiative to create a database of drugs that are potentially repurposable for the treatment of epilepsy in order to facilitate selection of the best candidates for further development.
In vivo drug testing in animal models of epilepsy is the strongest class of pre-clinical evidence for demonstrating potential antiepileptic efficacy in humans. Rodent models of epilepsy are the most long-established, well-characterized, widely used and broadly accepted animal models for AED validation. Success in these models precedes consideration for clinical trials in humans. We set out to create a database of 'prescribable' drugs, approved for other conditions, with published evidence of efficacy in rodent models of epilepsy, and to collate data that would assist in the selection of the most promising compounds for further study.
| METHODS
Literature mining of Medline abstracts has been used to identify potential new indications and disease associations of drugs. [13] [14] [15] [16] Hence, we employed literature mining of Medline abstracts to create the database. Data were extracted from Medline abstracts through computational literature mining followed by "crowdsourced" manual curation ( Figure 1 ).
| Computational literature mining
A Medline search was performed on 19 January 2017, for "epilepsy or seizure or convulsion," and all returned abstracts were downloaded. Computational literature mining was used to identify abstracts that are most likely to include relevant information. Our strategy was based on the precept that abstracts of interest would include the following:
1. the name of a U.S. Food and Drug Administration (FDA)-approved drug, 2. the name of a relevant rodent species (mouse, rat, guinea pig, or synonyms), 3. the name of a rodent model of epilepsy or seizures, and 4. a sentence containing the terms "reduction" and "seizures" (or synonyms thereof).
Identification of the relevant abstracts presented 2 particular challenges: (1) abstracts had to be searched for 1608 drug names, and (2) sentence-level concurrence of the terms "reduction" and "seizures" (and dozens of synonyms) had to be identified within the abstracts. This task was accomplished by using custom bash scripts (available upon request) created by modifying ones we have published previously. 10 Some compounds also enhance the action of licensed AEDs; to identify these compounds, we searched for sentence-level concurrence of the terms "enhances" and "action" (or synonyms thereof) and the name of a licensed AED. Sentence-level concurrence of search terms increases specificity and precision of data retrieval. 17 A random selection of 100 abstracts from those excluded by our scripts was manually reviewed by 1 of the senior
Key Points
• One hundred seventy-three prescribable drugs have published evidence of efficacy in animal models of epilepsy
• Ninety-four percent of the drugs have corroborated evidence of efficacy in animal models
• Many of the drugs are widely accepted by prescribers and patients-the database includes half of the 20 most commonly prescribed drugs
• Many repurposable drugs target proteins implicated in epilepsy but not exploited by current AEDs
• The database is enriched with drugs that target proteins of causal human epilepsy genes and, hence, is of relevance to human epilepsy investigators (NM) to ensure that relevant abstracts meeting our inclusion criteria were not being erroneously excluded by the scripts. The names of FDA-approved drugs were taken from a recently published comprehensive map of molecular targets of approved drugs; this would allow us to reliably map the identified drugs to their targets. 18 We excluded the names of all recognized AEDs, of benzodiazepines and their derivatives, and of barbiturates, as these drugs are already known to have antiepileptic efficacy. Also excluded were the names of compounds that are unlikely to be repurposable for the treatment of epilepsy, for example, reagents used for generating rodent models of epilepsy. Please see Method S1 for further details.
| Crowdsourced manual curation
Crowdsourcing is defined as a model that outsources tasks that are traditionally performed by experts to a crowd of ordinary people. 19 Members of the crowd were recruited through word-of-mouth from among medical undergraduates, junior doctors, and laypeople. The crowd comprised 9 individuals. Computationally parsed abstracts were divided into 9 sets for manual curation. To standardize responses, manual curation was performed according to a set of written instructions, and the results were recorded on an electronic data collection form. For each abstract, the investigators recorded if the drug being studied was reported to have antiepileptic efficacy and in which model.
If the drug being analyzed was reported to enhance the action of conventional AED(s), the name(s) of the latter were also recorded. Each set of abstracts was studied independently by 2 investigators. Any conflicting responses were arbitrated by 1 of the senior coauthors (NM, SS, or MK). Finally, each of the abstracts selected in the previous step was again reviewed by 1 of the senior coauthors to remove any erroneous inclusions.
From the final selection of abstracts, we collated names of drugs and the relevant PubMed identifiers (PMIDs) and animal models. For each potentially repurposable prescribable drug identified, we also collated licensed indication(s), and a relative measure of its "popularity" (the number of prescription items of the drug dispensed in England last year) and its "longevity" (year of first known worldwide approval). 18 This information was converted into a sortable searchable online database. Please see Method S1 for details.
| Data analytics
Analyses were performed on the collected data to demonstrate the following:
1. The database is a reliable source of drugs effective in experimental epilepsies. 2. The included drugs are appealing candidates for repurposing.
3. The included drugs are of potential relevance to human epilepsy.
| Is the database a reliable source of drugs that are effective in experimental epilepsies?
If any studies included in the database are affected by error causing incorrect attribution of antiepileptic effect to the drug(s), this will mar the reliability of the database. To ensure that this was not a pervasive problem, we assessed how many of the included drugs have corroborative evidence of antiepileptic efficacy.
The following types of corroborative evidence were gathered: Drugs that are widely recognized, widely accepted, and widely used are more appealing candidates for repurposing than drugs that are not. Similarly, drugs that have a long history of successful continuous licensed use are more appealing candidates for repurposing than drugs that do not. We analyzed data for the number of prescription items of each drug dispensed in England last year, and year of first known worldwide approval for each drug.
Repurposable drugs could be used to treat the disorder for which the drug is licensed and comorbid epilepsy, thereby reducing cost, pill burden, side effects, and the risk of deleterious drug interactions, and improving compliance. Drugs indicated for common conditions are appealing candidates, as these conditions will also be prevalent among people with epilepsy and, hence, the compounds can be used for a greater number of people. We determined if the drugs are indicated for common and prevalent conditions.
To overcome the limitations of old AEDs, new drugs with novel targets are needed. 20 We collated information about the protein targets of the identified drugs, and determined if these are different from those already exploited by established AEDs. Drug names were mapped to target protein and protein class, as provided by Santos and colleagues. 18 2.6 | Are the drugs of potential relevance to human epilepsy?
We wished to demonstrate that the set of drugs effective in animal models of epilepsy is likely of relevance to human epilepsy. We determined if more of these drugs target proteins of known causal human epilepsy genes than expected by chance alone. This was calculated as follows. Drug names were mapped to target protein and protein class, as provided by Santos and colleagues. 18 Of all drugs included in the initial literature search, we determined the proportion that target proteins of known causal human epilepsy genes. Of the drugs effective in animal models of epilepsy, we determined the proportion that target proteins of known causal human epilepsy genes. The 2 proportions were compared using a 2-sided Fisher's exact test, with the level of statistical significance set at P < .05. The set of known causal human epilepsy genes was taken from our recent article, 21 in which we extracted from the Online Mendelian Inheritance in Man database (www.omim.org) genes that cause familial Mendelian disorders in which epilepsy or seizures are a cardinal feature. Symbols for causal genes listed in our previous report, and UniPort identifiers for drug targets listed by Santos and colleagues were mapped (www.uniprot.org/uploadlists/; accessed 01/09/2017) to Entrez gene identifiers, and overlaps were calculated. Can the database help in the search for new causal epilepsy genes? If the set of proteins targeted by the identified drugs is enriched with known causal human epilepsy genes, it is more likely to harbor yet-undiscovered causal human epilepsy genes, and be a valuable resource for their discovery. We determined the proportion of known causal human epilepsy genes within the set of proteins targeted by the repurposable drugs, and the proportion of known causal human epilepsy genes within all UniProt proteins. The 2 proportions were compared using a 2-sided Fisher's exact test, with the level of statistical significance set at P < .05.
| RESULTS
A total of 196 573 abstracts were downloaded from Medline. From these, computational literature mining identified SIVAPALARAJAH ET AL.
| 495
1966 abstracts that contained the name of a prescribable drug, a rodent model of epilepsy, and a phrase indicating seizure reduction. A random selection of 100 abstracts from those excluded by our computational scripts was manually reviewed; this did not contain any abstracts meeting our inclusion criteria. Manual review of the 1966 computationally selected abstracts identified 500 abstracts that contained evidence of the efficacy of a prescribable drug in an animal model of epilepsy.
The PDE3 online database, comprising 173 drugs and 500 abstracts that evidence their effectiveness in experimental epilepsies, is freely available at www.liverpool.ac. uk/D3RE/PDE3. The online database allows free-text searching for drug names, drug indications, and rodent models. The database can be sorted by the number of independent studies, number of independent models, the number of prescription items dispensed in the community, and the year of first approval for each drug. All abstracts for each drug can be accessed directly and easily from the database by clicking a link.
| Is the database a reliable source of drugs effective in experimental epilepsies?
Ninety-four percent of the identified drugs have at least 1 type of corroborative evidence of efficacy in experimental epilepsies (Tables 1 and S2 ).
The utility of corroborating evidence from multiple independent studies is self-evident. We cite below some examples of how the other types of corroborative evidence can be useful for highlighting promising candidate drugs for further study.
Evidence of efficacy in multiple rodent models:
Although the anticonvulsant efficacy of piperonyl butoxide is examined in only 1 published study, 22 it had a higher protective index than conventional AEDs in both the maximal electroshock and pentylenetetrazol mouse models. 3.2 | Are the drugs appealing candidates for repurposing?
| The database includes many commonly used drugs for many common conditions
The database includes half of the 20 most commonly prescribed drugs in England. Altogether, drugs included in the PDE3 database accounted for 336 707 099 prescription items dispensed in the community in England in 2016, which is 32% of all prescription items dispensed in the community in England in that year. The database includes drugs currently used to treat 9 of the 10 most prevalent chronic conditions (Table 2) . 28 The identified drugs have been in use, for their original indications, for a median of 34 years. The oldest of the drugs has been in use for 73 years.
| The identified drugs have novel protein targets relevant to epilepsy
Currently approved AEDs target 17 different proteins. In contrast, drugs in the database target 155 unique proteins (Table S3) by conventional AEDs, most are ion channels. G proteincoupled receptors (GPCRs) and transcription factors are conspicuous by their absence from the set of proteins targeted by conventional AEDs. Drugs in the database target a diverse range of proteins, including GPCRs and transcription factors (Figure 2 ). Many of the proteins targeted by these drugs have published evidence of functional relevance in epilepsy, but are not targeted by current AEDs (see Table 3 for examples). Examples of promising drugs identified from the PDE3 database are shown in Table 3 . These drugs target proteins involved in epilepsy but not targeted by current AEDs, have multiple types of corroborative evidence supporting their efficacy in experimental epilepsies, exert a dosedependent effect in experimental epilepsies, are effective in rodent models of epilepsy at human-equivalent doses smaller than licensed human doses, and are used widely for their licensed indications. None of these drugs have been tested in appropriately powered randomized-controlled human clinical trials for epilepsy.
| The identified drugs are of putative relevance to human epilepsy
Significantly more drugs in the PDE3 database target proteins of known causal human epilepsy genes than expected by chance alone (2-sided Fisher's exact test P < 3 9 10 À5 ). The set of proteins targeted by the identified drugs is significantly enriched with known causal human epilepsy genes (2-sided Fisher's exact test P < 1 9 10 À13 ).
| DISCUSSION
We present the PDE3 database (www.liverpool.ac.uk/ D3RE/PDE3). This database shows that there are many prescribable drugs that can potentially be repurposed for the treatment of epilepsy. These repurposing opportunities should be explored and exploited. We envisage that the database will be used as follows. Based on the data provided, an appealing candidate drug (see examples in Table 3 ) will be selected for more detailed review of published animal and human studies, pharmacokinetic data, and side effects profile. Fruitful reviews should then be published to publicize potential drug repurposing opportunities. Such a model of, first, creating a database of potentially repurposable drugs and, then, iteratively selecting the most promising candidate drugs for detailed review and publication, has been enacted in other disease areas, for example, the Repurposing Drugs in Oncology (ReDO) Project. 12, [29] [30] [31] [32] We advocate the adoption of this paradigm for epilepsy, based upon the PDE3 database. The reviewed and highlighted potentially repurposable drugs can be analyzed further through retrospective analysis of electronic health record data and, finally, taken into human clinical trials. In the near future, we plan to begin the process of selecting, from the PDE3 database, appealing candidate drugs for detailed review and publication. The data presented can aid the prioritization of repurposable drugs based upon any or all of multiple criteria:
1. Drugs with the strongest published evidence of efficacy in rodent models. 2. Drugs with a long track record of extensive clinical use.
Drugs with novel protein targets implicated in epilepsy
but not exploited by current AEDs. 4. Drugs licensed for common conditions. The disorder for which the drug is licensed and comorbid epilepsy could both be treated with one medication, thereby, reducing cost, pill burden, side effects, and the risk of deleterious drug interactions, and improving compliance.
T A B L E 2 The 10 most prevalent chronic conditions, 28 and repurposable drugs from the PDE3 database that are used for their treatment 
5.
Drugs that enhance the efficacy of conventional AEDs in rodent models of epilepsy (Table 4 ) and, putatively, could be used as adjuncts to improve seizure control in people with epilepsy. Hence, the repurposed drug could be used to treat the condition for which it is licensed, while improving the efficacy of concomitantly prescribed conventional AED(s).
The database contains many drugs that are appealing candidates for repurposing because they have corroborated evidence of efficacy in experimental epilepsies, have been in use for many decades, are widely accepted by prescribers and patients, are approved for the treatment of the most common chronic conditions, and target proteins implicated in epilepsy but not exploited by current AEDs.
It is also envisaged that the data presented can aid the search for new causal human epilepsy genes. The set of proteins targeted by the identified drugs is highly enriched with known causal human epilepsy genes. Hence, it is postulated, that this set of proteins is likely to harbor yet-undiscovered causal human epilepsy genes, and be a valuable resource for their discovery.
The PDE3 database is a novel resource for drug repurposing research in epilepsy. To create this novel resource, 
Number of prescriptions
Amlodipine LTCC S1-S20 Evidence of drug targets' relevance to epilepsy is in the papers cited in "Target and evidence of target's relevance to epilepsy" column. Evidence of efficacy in experimental epilepsies (1-5) is 1 or more of the 5 types of corroborative evidence listed in "Methods." The human equivalent of minimum effective dose in rodents was calculated by converting rodent doses to the equivalent for a 70-kg human using published formulae. 40 The maximum licensed dose, according to the British National Formulary is shown. Number of prescriptions is the number of prescription items dispensed in the community in England in 2016. References cited in this table are listed in the Data S1 to save space.
novel methodologies were necessary. Specifically, custom bash scripts were created that can (1) efficiently search for thousands of drug names within hundreds of thousands of abstracts, and (2) identify abstracts in which particular search terms of interest occur together in a single sentence. Sentence-level concurrence of search terms increases specificity and precision of data retrieval. 17 To the best of our knowledge, no preexisting software offers such functionality. Such a sophisticated search strategy cannot be executed using any of Medline's online interfaces. For us, our scripts reduced the number of abstracts to be manually reviewed by 100-fold. Without these novel scripts, such comprehensive large-scale literature mining would not have been possible. Our scripts will be of use to other researchers who are undertaking large-scale data mining projects of a similar nature. We are in the process of creating a user-friendly graphical user interface for our scripts. In the meantime, the scripts and instructions on how to use them will be readily shared upon request. Computational literature mining was followed by manual curation through crowdsourcing, which is an emerging methodology in biomedical research. Crowdsourcing has found particular utility in data mining from published scientific texts, [33] [34] [35] using crowds assembled from laypersons, 33 medical undergraduates, 36 or other groups.
We acknowledge limitations of the study. The database has been assembled from information present within Medline abstracts; the full publications have not been analyzed or critically appraised. Some of the included studies could be of poor quality or erroneous in their attribution of an antiepileptic effect to a drug. However, we are reassured that this is unlikely to be a pervasive problem, as 94% of drugs have corroborative evidence of efficacy in experimental epilepsies. In addition, Medline abstracts have been used successfully to collate drug indications and drugdisease associations. [13] [14] [15] [16] Reading the complete texts of all 500 publications included in the database would be impracticable. However, researchers using the database to identify promising drugs should perform detailed review and critical appraisal of the studies cited for those drugs. Of course, even if the drugs in the database are efficacious in animal models of epilepsy, they might not be effective in people with epilepsy. However, we have shown that drugs in the database are of potential relevance to human epilepsy, as the database is highly enriched with drugs that target proteins of known causal human epilepsy genes. Any promising drugs identified from the database should be tested in human clinical trials before being used in clinical practice. It is noteworthy that the database includes some drugs thought to lower the seizure threshold in humans, for example, selective serotonin reuptake inhibitors (SSRIs). However, recent analyses suggest that SSRIs do not increase but, rather, reduce seizure frequency in people with epilepsy. 37, 38 It may be that similar misconceptions explain the supposed proconvulsant effects of some of the other drugs in the database. Alternatively, the drugs could have divergent effects in different species or at different T A B L E 4 Some of the prescribable drugs that enhance the efficacy of licensed AEDs Name Indications AEDs enhanced
Number of studies Models doses. Similarly, some drugs may exhibit both pro-and anticonvulsant activity in experimental epilepsies, depending on the species, model, and drug dose. 39 Some would argue that if commonly used drugs, such as the ones listed in the database, have antiepileptic efficacy in people with epilepsy, this effect would have been detected in epilepsy clinics through serendipity. We would suggest that modern busy clinical practice is not conducive to spontaneous unprompted discovery of temporal connections between the addition of seemingly unrelated drugs and improved seizure control, or between the discontinuation of seemingly unrelated drugs and worsened seizure control. Clinicians and patients might attribute such changes in seizure control to natural variation in seizure frequency. In addition, an individual epileptologist might not see sufficient numbers of patients started on an individual repurposable drug to appreciate a pattern of improved seizure control with the initiation of that drug.
In conclusion, the PDE3 database is a novel and valuable resource for drug repurposing research in epilepsy. We plan to iteratively select the most promising candidate drugs from the database for detailed review and further study through retrospective analysis of electronic health record data. The database will be updated on a periodic basis with new published evidence.
